The semiconductor industry has long been seeking a new kind of non-volatile memory technology with high-density, high-speed, and low-power consumption. This study demonstrated the electrochemical synthesis of ZnO films without adding any soft or hard templates. The effect of deposition temperatures on crystal structure, surface morphology and resistive switching characteristics were investigated. Our findings reveal that the crystallinity, surface morphology and resistive switching characteristics of ZnO thin films can be well tuned by controlling deposition temperature. A conducting filament based model is proposed to explain the switching mechanism in ZnO thin films.
Introduction
Resistive random access memory (ReRAM) has been regarded as next generation nonvolatile memory due to its simple structure and compatibility with complementary metal oxide semiconductor technology [1] [2] [3] [4] [5] . Contrary to traditional flash memories, ReRAM offer some unique advantages of faster writing rate, smaller bit size, and lower operating voltages. More importantly, by imposing electric pulses the transition in resistive states can be achieved within tenths of nanoseconds at room temperature and the resultant resistance states can be retained for 10 years [2, 6, 7] .
A typical configuration of the ReRAM device usually consists of metal/insulator/metal sandwich like structure and its operation is based on switching of resistance states from high to low or vice versa by putting voltage stimuli. To date, variety of materials has been exploited for resistive switching characteristics. Among them all, binary transition metal oxide (TiO 2 , NiO, ZnO, and Cu 2 O) [1, 2, 4, 6, [8] [9] [10] [11] attracted increasing interests in material choice due to controllable compositions. Generally, the switching behaviours can be classified into (1) unipolar and (2) bipolar switching. The unipolar resistive switching (RS) is independent of bias polarity and strongly dependent on strength of input voltage signal. While, bipolar switching shows a directional RS depending on the polarity of the applied voltage [12] .
Zinc oxide (ZnO) has been widely well known material for its excellent optical, electronics and sensing applications. In recent past, it has also been exploited as resistive switching material too [13, 14] . In this manuscript, we deployed a state of the art electrochemical deposition route to synthesize ZnO thin films. Electrodeposition is an effective way to fabricate high quality metal oxide thin films, at low temperature and ambient atmosphere. Moreover, in this process, the deposition of metal oxide layers on the substrate is driven by the external electric field. Therefore, it is facile to precisely control the layer microstructures by this method and further to design heterostructures with novel functionalities. Herein, the effect of deposition temperature on crystal structure, surface morphology and specifically resistive switching characteristics was investigated. It was found that crystallinity and surface morphologies can be well tuned by adjusting the deposition temperature. Furthermore, the samples prepared at higher temperatures demonstrated excellent resistive switching performances. To explain RS behaviour in these films, a conduction model based on conducting filaments was proposed whose formation/rupture is attributed to change the device resistive states.
Experimental Methods
Electrodeposition of ZnO was carried out using an Autolab 302N electrochemical workstation. A standard three-electrode setup in an undivided cell was used. Fluorine doped Tin oxide (FTO) (9.3-9.7 Ω, Asashi Glass Corporation, Japan, 1.1 mm × 26 mm × 30 mm) was used as the working electrode, while platinum foil (0.2 mm × 10 mm × 20 mm) was used as the counter electrode. The distance between the two electrodes was 30 mm. The reference electrode was an Ag/AgCl electrode in 4 M KCl solution, against which all the potentials reported herein were measured.
The FTO substrates were first cleaned by ethanol and acetone followed by treated by sonication/ultra-violet ozone. The electrodeposition was carried out in a solution of 0.01 M Zn(NO 3 ) 2 ·6H 2 O at 1 mA for 20 min, at 30, 50 and 75 °C. The phase composition of the samples was characterized by X-ray diffraction (Philips X'pert Multipurpose X-ray Diffraction System (MRD) with Cu Kα). The surface morphologies of the samples were observed by scanning electron microscopy (SEM, Nova 230). To measure the electrical properties of the prepared nanocomposite films, Au top electrodes (250 μm diameter) were patterned and deposited by sputtering using a metal shadow mask. Voltage-current curves of the films were measured using an Autolab 302N electrochemical workstation controlled with Nova software. During measurement, the working electrode and sensor electrode were connected to the top Au electrode, while the reference and counter electrode were connected to the FTO substrate. A schematic of the I-V measurement setup is shown in Figure 1 . 
Results and Discussion
The electrochemical synthesis of ZnO is a four step process: First, nitrate ions and H 2 O are electrochemically reduced at the surface of the working electrode, resulting in an increase in local pH value in the vicinity of the reference electrode (equation (1), (2)); Then, the increase in the local pH leads to the precipitation of zinc ions as zinc hydroxide (Zn(OH) 2 , equation (3)) at suitable temperature and Zn(OH) 2 can be transformed into ZnO. 
The X-ray diffraction pattern of ZnO thin films synthesized on FTO substrate at 30 and 75 °C is shown in figure 2 . All diffraction peaks are consistent with the FTO and ZnO wurtzite structure, which can be indexed to a standard spectrum of JCPDS (No. 36-1451). In the XRD patterns, the (0 0 2) peak of sample prepared at 75 °C is dominant, and its intensity is much higher than that of the other peaks and of sample prepared at 20 °C. This also points towards its preferential growth in [001] orientation along c-axis and improved crystallinity over the sample prepared at low temperatures. The SEM images of ZnO thin films prepared at 30, 50 and 75 °C can be depicted in Figure 3 . It can be clearly observed that by increasing deposition temperature, the surface morphology of ZnO films was transformed from nano flakes (figure 3a) to agglomerated nanoparticles (figure 3b) and then to nanorods arrays (figure 3c). These nanorods are well-crystalline and their average diameter is measured as about 250 nm. Usually, ZnO grows preferentially along [001] direction in aqueous solution due to lowest surface energy of (001) facet. And the growth velocity along [010] directions is slower than that of [001] direction, resulting in nanorod morphology.
ZnO thin film
The typical current-voltage curves of ZnO thin films synthesized at various temperatures are shown in figure 4. To carrying out such measurements, the dc voltage sweep mode was utilized in the sequence of 0  −3  0  +3 0 V, at a scan rate of 0.01 V/s. During the measurements, the bias voltage was applied on the top electrode (TE) with bottom electrode (BE) as grounded, and neither a forming process nor a current compliance was necessary for activating the memory effort. It is interesting to note that samples prepared at low temperatures (30 and 50 °C) didn't show any considerable resistive switching phenomenon as shown in figure 4 . For the ZnO thin films prepared at 75 °C (ZnO nanorods), a jump in resistance state from high resistance to low resistance state at about −2.2V which is referred as the set process. Subsequently, a reset process (~2.5 V) was also observed by sweeping the voltage in positive direction. It is noteworthy to mention that our devices (ZnO nanorods) exhibit typical bipolar resistive switching, that is, the cell can only be written with a negative bias and erased with a positive one which was verified by numerous measurements. The endurance characteristics of the Au/ZnO(nanorods)/FTO memory cell are shown in figure 5 . The memory window defined by the two resistance states, i.e., (R OFF − R ON )/R ON ≈ R OFF /R ON . The device successfully demonstrated to distinguish between two resistive states for about 2000 cycles. This memory margin usually utilized to distinguish the storage information between "1" and "0". The resistance of the HRS scatter in a certain extent during cycling. However, due to long cycle numbers, this kind of scattering may be tolerated. The endurance measurements ensured that the switching between ON and OFF states is highly controllable, reversible, and reproducible. After the device was switched ON or OFF, no electrical power was needed to maintain the resistance within the given state. Subsequently, the data retention test was also carried out in both the OFF and ON states for 1800 seconds at room temperature (as shown in Figure 6 ). The device successfully retained its both resistance states for about half an hour. So far, many models have been proposed to explain the resistive switching phenomenon. Among them all, the most widely reported phenomenon is based on formation of conducting filaments during set process and their annihilation during reset process. For ZnO based memory cells, the filamentary mechanism can also be utilized on the basis of current-voltage characteristics [13] . According to filament theory, defects might condense in the metal oxide to form tiny conducting filaments at HRS, and these tiny conducting filaments could gather and align to form long conducting filament, leading to transition to LRS [15] . In this work, conducting filaments in ZnO may be created along or with the walls of individual ZnO nanorod during set process. With applied potential reversely, these filaments can be ruptured easily to transform the device conductance state to its inherent phase. Thus a transition from low resistance state to high resistance state is observed.
Conclusion
In this report, a facile and cost-effective bottom up strategy of electrochemical deposition is deployed to fabricate ZnO thin films at various temperatures. Our findings suggest that samples prepared at 75 °C demonstrated greater crystallinity and well uniform surface morphology of ZnO nanorods than the samples prepared at low temperatures. Furthermore, ZnO samples prepared at 75 °C (ZnO nanorods) expressed superior resistive switching characteristics than other samples prepared at lower temperatures. Also, the ZnO nanorods based memory cells demonstrated a capability to retain its resistance states for 2000 switching cycles. Defects related switching mechanism was also proposed to support the results. The present work demonstrates that ZnO films have the potential for next generation non-volatile memory applications.
